INTRODUCTION
Turner [4] hypothesized that for a global energy balance the total dissipation energy is sum of the c r a c k separation energy a n d the plastic energy dissipated during c r a c k extension. H e assumed that the total energy dissipation rate w a s t h e sum o f the elastic strain energy release rate, calculated b y assuming a n elastic response, plus the plastic energy dissipation rate. This mathematical representation was based o n a n heuristic argument f o r a center crack specimen without mathematical proof.
The objective of the present study was to develop an analytical procedure to calculate the various energy dissipation components during crack extension and to relate them to the total energy dissipation computed from the global load-displacement response.
A two-dimensional, elastic-plastic, finite element: analysis
[ 5 ] was used to implement the procedure. A standard compact specimen made of an elastic-plastic material was analyzed. The specimen was modeled using constant strain triangular elements.
Fracture was analytically simulated using the critical crack-tipopening-displacement (CTOD) criterion. The crack was extended by releasing the force at the crack tip in steps. The analysis was repeated for three material toughnesses, which were simulated by using three different values for the critical CTOD. The magnitudes of the energy dissipation components were compared with the total energy dissipation for the different material toughnesses. The effect o f critical CTOD on crack separation and plastic energy dissipation rates was also examined. Figure 1 shows the compact tension specimen of width w and crack length a with loading P. In the analysis, a displacement was applied and then the load was calculated. The initial cracklength-to-width ratio was 0 . 5 . The specimen was assumed to be under plane-strain conditions. The material was typical of an aluminum alloy with Young's modulus E -71 GPa, Poisson's ratio v -0.3, and the 0.2% offset yield stress ay -3 1 5 MPa. The uniaxial stress-strain response of the material was represented by the Ramberg-Osgood equation E -(a/E) + ( o / K )~, where 1 ( -551.6 MPa and n -10.
ANALYS IS
As previously mentioned, a two-dimensional, elastic-plastic finite element analysis and the critical crack-tip-openingdisplacement (CTOD) criterion were used to simulate the fracture of the compact specimen [5] . Equations are presented in the following sections to calculate the energy dissipation rates associated with crack extension. Then the analytical fracture simulation is explained using the finite element analysis.
Energy Dissipation During Crack Growth
Although the procedure is general, the focus here is on the use of a finite element analysis to calculate the energy dissipation components in a compact specimen. The fracture processes in elastic and elastic-plastic specimens are discussed separately in the following sections.
The viscoelastic effects of the material are neglected.
Elastic materials.-Two methods for calculating the change in elastic energy during crack growth are presented. One is based on the global load and load-point displacement. The other uses the crack-tip force and displacement. Figure 2 (a) shows a typical load-displacement curve for an elastic compact specimen.
The initial crack length is a. When the load reaches PA, the crack becomes critical and grows by an element size Aa.
Simultaneously, the load drops to P B in this displacement controlled case. The total energy dissipated in the crack growth process is the shaded area AEt. The term AEt can be calculated from the loads PA and P B , and the specimen compliances Ca and Ca+Aa before and after the crack extension.
Then the total energy dissipation rate GT, which is commonly referred to as the strain energy release rate, is
The specimen thickness b is assumed to be unity. 
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The corresponding crack separation energy rate Gs is
Because there is no other energy dissipation process for the elastic case, G, = GT. F d6
The crack-tip force F is limited for an elastic-plastic material by the material yielding, but is unrestricted if the material is assumed to be elastic. Hence, the separation energy 'rate G s for an elastic-plastic material can be much smaller than that for an assumed elastic. Residual stresses are created by the plastic deformation near the crack tip. In the present analysis, residual stresses were calculated by unloading the specimen before and after each .increment of crack extension. As previously mentioned, such unloading could cause crack closure and reverse compression yielding. However, for the purpose of calculating the residual a strain energy, the crack surfaces were allowed to pass one another during unloading and the material was assumed to be elastic during unloading. Figure 3 (c) shows the residual strain energies (shaded areas below abscissa) before and after the crack growth. The difference in these two areas were summed for all elements to calculate the change in the residual strain energy
AErs during an increment of crack growth. Aithough the presence of residual stresses hils bee= w i d e l y recognized and studied, this is believed to be the first analysis that shows their contribution to the total energy dissipation rate (GT) for crack extension.
The G s (Eqn. 7), Gp (Eqn. 9), and Gr, (Eqn. 11) terms can be summed to represent GT calculated using the local response near the crack tip. Comparison of this local G T with the global G T (Eqn. 6 ) provided an evaluation of the analysis.
Finite Element Simulation of Crack Extension
A two-dimensional, elastic-plastic finite element analysis Then the energy dissipation components G,, G p , Grs, and GT
were calculated using equations 7, 9 , 11, and 6 , respectively.
The analysis was first performed for a 50 mm wide specimen 
Effect of Material Toughness
The results presented in the previous section were for a 50 mm wide specimen with one value of 6, (0.025 mm). This specimen was found to be too small to simulate the fracture of tougher materials (higher values o f 6,) because of back edge compression yielding. Therefore, a larger size specimen, 100 mm wide, was analyzed for three different values of 6, (0.025, 0.040, and 0.050 mm). As previously mentioned, these values of Sc represent low, medium, and high toughnesses, typical of an aluminum alloy. The GT values were calculated from the specimen global loads and loadpoint displacements (equation 6 ) . The GT curves for the 50 and 100 mm specimens with 6, -0.025 mm agree very well. This shows that, for a given value of S,, the specimen size had no effect on the GT resistance curve. Comparing the GT curves for the 100 mm specimens shows that GT increases with material toughness (Sc).
All calculated values o f GT were checked with the respective sums of Gs, G p , and Grs and were found to agree very well. Sorensen [7] . Note that while comparing results for different materials having different yield stresses, the GS-6, curve need not be linear. However, G s normalized by the yield stress could still vary linearly with 6,. 
